The elastic properties of seventy different compositions were calculated to optimize the composition of a V-Mo-Nb-Ta-W system. A new model called maximum entropy approach (MaxEnt) was adopted. The influence of each element was discussed. Molybdenum (Mo) and tungsten (W) are key elements for the maintenance of elastic properties. The V-Mo-Nb-Ta-W system has relatively high values of C 44 , bulk modulus (B), shear modulus (G), and Young's modulus (E), with high concentrations of Mo + W. Element W is brittle and has high density. Thus, low-density Mo can substitute part of W. Vanadium (V) has low density and plays an important role in decreasing the brittleness of the V-Mo-Nb-Ta-W system. Niobium (Nb) and tantalum (Ta) have relatively small influence on elastic properties. Furthermore, the calculated results can be used as a general guidance for the selection of a V-Mo-Nb-Ta-W system.
Introduction
In recent years, high entropy alloys (HEAs) have emerged as an interesting area of research [1] . HEAs have superior properties compared to conventional alloys [2] . Refractory high entropy alloys (RHEAs) were developed for high temperature use. RHEAs are mainly composed of Ti, V, Zr, Nb, Mo, Cr, Ta, W, and Hf. According to the literature, most RHEAs exceed the high use temperature of currently used refractory alloys Haynes @ 230 @ , MAR-M247 @ , INCONEL @ 718 [3] , and conventional Ni-based superalloys [4] . This property makes RHEAs a promising candidate for the next generation of high-temperature applications. The VMoNbTaW alloy has received the most attention because of its characteristics, such as its good strength under extreme high temperature, but it is brittle between room temperature and 600 • C [5] . In a VMoNbTaW system, element W is a brittle element and has high density. Density is an important factor for transportation, especially for aircraft and aerospace. A high-temperature resistance is needed for turbine disks and blades, because the efficiency of gas turbines increases with working temperature [6] .
Recently, many reports have shown that the best properties of RHEAs may generally be displaced from equilibrium compositions; thus, the studied compositions become complicated [7, 8] . Some research focuses on the influence of elements on alloy properties, but most studies are often carried out for elements such as Al [9] , Ti [10] , Mo [11] , and V [12] . It is feasible to study the influence of a single element, though single element optimization fails to meet application requirements most of the time. HEAs must have at least four elements in order to exhibit a high entropy effect [13] . Studying the influence of more than one element can enormously increase experimental efforts. First-principles calculation is an effective method for developing new RHEAs. Most data obtained in previous studies
Maximum Entropy (MaxEnt) Model
MaxEnt structures were generated by a Monte Carlo simulation code in python. A repeat loop was written in the code to make sure all the elements were distributed homogeneously in the model [17] . In order to obtain a relatively homogeneous MaxEnt model, hundreds of structures were generated for selection. The screen criterion is the shortest distance between the same elements should locate in a narrow range-the narrower the better [18] . The most important advantage of the MaxEnt model is that it can demonstrate lattice distortion after relaxation. MaxEnt is a supercell model, while a 4 × 4 × 4 face-centered cubic (FCC) model contains 256 atoms and a 4 × 4 × 4 body-centered cubic (BCC) contains 128 atoms, so the MaxEnt model can present HEAs with complicated element concentrations. In order to test the accuracy and consistency of the MaxEnt model, ten MaxEnt models of BCC (TiZrNbMoV) were generated. Bulk moduli B and C 44 were also calculated. All bulk moduli fluctuated around 143.3 (±2) GPa and all C 44 fluctuated around 36.2 (±3) GPa. The scattered diagram is shown in Figure 1 . Thus, the MaxEnt approach demonstrates a good consistence for each model. The MaxEnt approach has been elaborated in Reference [16] . The elastic properties of TaNbHfZrTi and CoCrFeNiMn were predicted based on the MaxEnt approach [18, 19] . The accuracy of the predicted data was proven by experimental results [20, 21] . Thus, the MaxEnt approach is accurate, believable, and suitable for the study of HEAs. All components of the VMoNbTaW alloy have a BCC lattice and, thus, the formation of BCC substitution solutions was the most probable. This was confirmed by diffraction analysis of these alloys [3] 
Elastic Properties
The calculated bulk modulus B and equilibrium lattice configuration were determined from the minima of the curves according to the Birch-Murnaghan equation of state (B-M EOS), as presented in Equation (1) . V, V0, B, E, and E0 are volume, equilibrium volume, bulk modulus, total energy, and equilibrium energy, respectively. In order not to exceed the elastic limit, the changes in V should be kept within 3%.
The cubic crystal has three independent elastic constants: C11, C12, and C44. They can be calculated by applying small strains to the equilibrium lattice configuration, which transforms the lattice vector a according to the rule [22] shown in Equations (2) and (3). All components of the VMoNbTaW alloy have a BCC lattice and, thus, the formation of BCC substitution solutions was the most probable. This was confirmed by diffraction analysis of these alloys [3] All components of the VMoNbTaW alloy have a BCC lattice and, thus, the formation of BCC substitution solutions was the most probable. This was confirmed by diffraction analysis of these alloys [3] 
The cubic crystal has three independent elastic constants: C11, C12, and C44. They can be calculated by applying small strains to the equilibrium lattice configuration, which transforms the lattice vector a according to the rule [22] shown in Equations (2) and (3). 
The calculated bulk modulus B and equilibrium lattice configuration were determined from the minima of the curves according to the Birch-Murnaghan equation of state (B-M EOS), as presented in Equation (1) . V, V 0 , B, E, and E 0 are volume, equilibrium volume, bulk modulus, total energy, and equilibrium energy, respectively. In order not to exceed the elastic limit, the changes in V should be kept within 3%.
The cubic crystal has three independent elastic constants: C 11 , C 12 , and C 44 . They can be calculated by applying small strains to the equilibrium lattice configuration, which transforms the lattice vector a according to the rule [22] shown in Equations (2) and (3). The different values of e were applied to the equilibrium lattice configuration according to Table 1 . The value of σ should keep within the range of (−0.03, 0.03). Table 1 . Vector strain and the corresponding energy.
Strain Vector e
The Corresponding Energy for Distorted Structure
The following equations were used to calculate Shear modulus G, Young's modulus E, and Poisson's ratio υ.
Results and Discussion
Due to the lack of experimental data of VMoNbTaW, the elastic properties of pure V, Mo, Nb, Ta, and W were calculated to prove the accuracy of the calculated data. Table 2 shows the elastic constants and moduli of V, Mo, Nb, Ta, and W. A comparison of calculated elastic properties with experimental data was made, and the agreement was found to be quite good. The accuracy of the calculated data in the present work was also proven by comparing with the calculated results in other studies. Table 2 . Elastic constants and moduli of V, Mo, Nb, Ta, and W. Seventy different compositions of the V-Mo-Nb-Ta-W system were calculated. The results are shown in Table 3 . W is brittle and has high density, so three concentrations (0.1, 0.2, and 0.3) of W were studied, while four concentrations each of V, Mo, Nb, and Ta (0.1, 0.2, 0.3, and 0.4) were studied.
All the structures were found to fulfill the mechanical stability criteria. The mechanical stability criterion of the cubic structure is C 11 + 2C 12 > 0, C 11 > C 12 , C 44 > 0. C 44 , B, G, E, B/G and ν are presented in scatter-plots in Figures 3-6 , respectively. The correspondence between the numbers in Table 3 and the X-axis is shown in Table 4 . Table 4 . The correspondence between the numbers in Table 3 and the X-axis. The first point in the X-axis involved with V is the data of number 1 in Table 3 . The first point in the X-axis involved with Ta is the data of number 5 in Table 3 . Ta  W   1  1  1  1  65  51  25  25  63  8  36  37  49  49  10  18  45  67  2  2  2  30  52  52  26  26  64  9  58  7  50  50  11  19  69  16  3  3  3  53  29  53  27  27  65  36  8  38  51  51  12  46  17  68  4  4  4  54  53  29  28  28  66  37  37  8  52  52  13  47  46  46  5  5  5  65  1  54  29  29  6  10  59  61  53  53  14  48  63  17  6  6  18  2  54  55  30  30  7  38  38  62  54  54  15  63  47  18  7  7  19  3  66  30  31  31  8  39  60  39  55  55  16  69  18 
C 44
According to Reference [26] , there is a monotonous relation between hardness and C 44 . In Figure 3 , there is a regular distribution of all the points. They are distributed in two areas. The data points have the concentration of W + Mo ≥ 0.4 distributed at the top area. It is obvious that the values of C 44 are bigger than the area below. There is also a data blank area between them. C 44 increases with the increase of the W + Mo concentration. Thus, W and Mo show significant influence on C 44 . This may be due to the fact that the C 44 of Mo (125 Gpa) and W (163 Gpa) are higher than the C 44 of V (46 Gpa), Nb (31 Gpa), and Ta (82 Gpa). The densities of W and Mo are 19.350 g/cm 3 and 10.390 g/cm 3 . In order to decrease the density and keep the high hardness of the V-Mo-Nb-Ta-W system, increasing Mo concentration and decreasing W concentration may be a feasible method.
increase of Nb concentration. Figure 4d shows that the concentration of Ta has no obvious influence on B. B increases with the increase of W concentration, as shown in Figure 4e . Furthermore, data points ran periodically with the changes of element concentrations. The trend in each period is the same as the overall trend of each element. For example, in Figure 4c , B decreases in the Nb = 0.1 area. This can be attributed to the increase in the concentration of element V. Arrow a in Figure 4e shows B decreases with the increase of Nb. Arrow c in Figure 4a shows B decreases with the decrease of W. A sharp variation in some points (1, 2, and 3) can be seen in Figure 4 . For example, point 1 in Figure 4b shows that the initial concentration of W is 0.1, while the final concentration of W is 0.3. Thus, B increases sharply. In summary, Mo and W can help to increase B. Elements V and Nb have a negative effect on B. B has a high value in each period with W + Mo ≥ 0.4. shows B decreases with the increase of Nb. Arrow c in Figure 4a shows B decreases with the decrease of W. A sharp variation in some points (1, 2, and 3) can be seen in Figure 4 . For example, point 1 in Figure 4b shows that the initial concentration of W is 0. 
G, E, B/G, ν
The hardness of materials can be related to Young's modulus E and the shear modulus G [28] . The general trend is that the larger these two moduli are, the harder the material. According to the Pugh criteria [29] , materials with B/G < 2 are associated with brittleness; otherwise, the materials may behave as ductile. Materials with υ > 0.31 have good ductility. Otherwise, the materials are considered brittle. Figure 5 shows G and E have the same trend, while B/G and ν also have the same trend. It can also be seen that there is an inverse relationship between them. Element V has a negative effect on G and E, and a positive effect on B/G and ν. Thus, the trend of E, B/G, and ν can be predicted from the trend of G. Figure 6 shows the trends of Mo, Nb, Ta, and W. It is obvious that W has a positive effect on G and E and exhibits a negative effect on B/G and ν, while elements Nb and Ta have no obvious effect. In summary, element V can help to increase the ductility of the V-Mo-Nb-Ta-W system. G and E have a relatively high value with W + Mo ≥ 0.4. 
The hardness of materials can be related to Young's modulus E and the shear modulus G [28] . The general trend is that the larger these two moduli are, the harder the material. According to the Pugh criteria [29] , materials with B/G < 2 are associated with brittleness; otherwise, the materials may behave as ductile. Materials with υ > 0.31 have good ductility. Otherwise, the materials are considered brittle. Figure 5 shows G and E have the same trend, while B/G and ν also have the same trend. It can also be seen that there is an inverse relationship between them. Element V has a negative effect on G and E, and a positive effect on B/G and ν. Thus, the trend of E, B/G, and ν can be predicted from the trend of G. Figure 6 shows the trends of Mo, Nb, Ta, and W. It is obvious that W has a positive effect on G and E and exhibits a negative effect on B/G and ν, while elements Nb and Ta have no obvious effect. 
Conclusions
In order to improve the ductility and decrease the density of the V-Mo-Nb-Ta-W system, the elastic properties of seventy different compositions were studied. This work concludes as follows: 1. Mo and W are key elements in the V-Mo-Nb-Ta-W system. The V-Mo-Nb-Ta-W system has 
In order to improve the ductility and decrease the density of the V-Mo-Nb-Ta-W system, the elastic properties of seventy different compositions were studied. This work concludes as follows:
